We observe ultrafast release and capture of charge carriers in InGaAs/GaAs quantum dots in a room-temperature optical pump-terahertz probe experiment sensitive to the population dynamics of conducting states. In case of resonant excitation of the quantum dot ground state, the maximum conductivity is achieved at approximately 35 ps after photoexcitation, which is assigned to release of carriers from the quantum dots. When exciting carriers into the conduction band of the barriers, depletion of the conductivity via carrier capture into the quantum dots with a few picosecond pump fluence-dependent time constant was observed.
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Understanding of ultrafast carrier dynamics in semiconductor quantum dots ͑QDs͒ is important for operation of optoelectronic devices such as QD lasers, 1,2 QD infrared photodetectors, 3 and QD semiconductor saturable absorber mirrors ͑QD SESAMs͒. 4 Ultrafast dynamics in QDs was intensively studied in the past using ultrafast optical methods such as timeresolved photoluminescence, 5, 6 and optical pump-probe spectroscopy. 7, 8 Here we observe the carrier release and capture dynamics in In 0.5 Ga 0.5 As/ GaAs QDs, using an optical pump-terahertz probe technique. In such an experiment, an ultrafast optical excitation creates a population of electrons and holes, and the broadband terahertz probe pulse subsequently senses the change in the conductivity of the sample after the optical excitation. 9 Terahertz pulses are strongly sensitive to the presence of conducting carriers, whereas immobile carriers, such as those confined in the QDs, do not contribute significantly to the terahertz loss. 8, [10] [11] [12] Our experiment was driven by a regenerative Ti:Sapphire femtosecond amplifier, operating at a repetition rate of 1 kHz, and generating 45 fs pulses at 800 nm central wavelength. A part of the amplifier output was used as a pump pulse: either directly for excitation of the barrier states of the QDs at 800 nm; or after frequency conversion in an optical parametric amplifier to 1024 nm, for resonant excitation of the QD ground state ͑GS͒, as shown in Fig. 1͑a͒ . Another part of the amplifier output was used to power the nonlinear crystal-based terahertz time-domain spectrometer, with a sample positioned at its focal point. 9 The terahertz probe pulses had a duration of approximately 300 fs and had a useful spectrum of 0.5-2.5 THz, similar to the spectrometer used in Ref. 13 . All our measurements were performed at room-temperature.
Our sample was a QD SESAM, grown by molecular beam epitaxy. It had 15 layers of In 0.5 Ga 0.5 As/ GaAs QDs separated by GaAs spacers, grown on top of a Al 0.9 Ga 0.1 As/ GaAs Bragg reflector. The total thickness of QD and spacer region was 611 nm. The sample was grown on a 0.5-mm-thick semi-insulating GaAs substrate. The schematic of the sample is shown in Fig. 1͑b͒ .
Ultrafast processes such as carrier capture, release, and recombination are schematically shown in Fig. 1͑a͒ dot carrier relaxation, carrier-carrier and carrier-phonon scattering, and interplay between the carriers in QD and the wetting layer ͑WL͒ states. These processes are temperature-and carrier density-dependent. 7, 14 In our experiments, the population of conducting states ͑CS͒, consisting of the WL and barrier states, was monitored after optical excitation by measuring the relative transmission −⌬T / T 0 of the terahertz probe pulse through the photoexcited sample. Here, T 0 is the terahertz transmission through the sample before photoexcitation. The measured time dependencies of −⌬T / T 0 are then converted into a photoinduced terahertz-frequency-integrated sheet conductivity ⌬ ᮀ,THz ϰ ͓ e n e + h n h ͔, where e,h and n e,h are the mobility and concentration of electrons and holes, respectively. 15 Both optical pump and terahertz probe pulses were incident on the sample at normal incidence. Therefore, the in-plane conductivity of the photoexcited sample was probed with the terahertz pulse. The energetic range of the probed CS ͑for the case of conduction band͒ is marked in yellow in Fig. 1͑a͒ . We note here that in our experiments we were not able to distinguish between the carriers confined in the WLs and the carriers present in the barriers, since both of these states are conducting in the plane of the sample. For the same reason, we were not able to distinguish between conductive electrons and holes. However, the electron contribution to the sample conductivity will be dominating, owing to their higher mobility.
The small-signal reflectivity spectrum of the studied QD SESAM, as well as the room-temperature optical emission spectrum at 800 nm excitation, indicating the energetic position of the QD GS are shown in Fig. 1͑c͒ . The Bragg reflector has a 100-nm-wide stop band centered at 1060 nm. The emission spectrum is centered at a wavelength of 1017 nm. The 1024 nm optical pump pulse has a full width at half maximum bandwidth of 45 nm, ensuring good overlap with the QD GS in the case of its resonant excitation. The Bragg reflector blocked the propagation of the 1024 nm pump pulse further into the thick GaAs substrate of the sample, thus preventing free-carrier generation in GaAs by two-photon absorption ͑TPA͒. This was very important, since the TPAgenerated free-carriers in a thick GaAs substrate would easily obscure the signal from the carriers released from the QDs at the resonant GS excitation.
In order to observe carrier release from the QD GS to the CS, we performed resonant optical excitation of the QD GS at a wavelength of 1024 nm, with pump fluences in the range 2.1-22.8 J / cm 2 . As seen in Fig. 2͑a͒ , we observe a noninstantaneous rise in the sample conductivity, reaching its maximum at approximately 35 ps after photoexcitation, followed by a slow decay due to recombination in barriers and WLs. The maximum of ⌬ ᮀ,THz as a function of pumping fluence exhibits a sublinear behavior as plotted in Fig. 2͑b͒ , which suggests that the photoexcitation mechanism leading to supply of carriers to the CS has a one-photon saturable nature ͑assuming constant carrier mobility͒, as expected for resonant excitation of the QD GS in this pump fluence range. Fit of this dependency with the saturable absorption 16 function ϰF p exp͓−F p / F s ͔, where F p is the pump fluence and F s is the saturation fluence, revealed F s =40 J / cm 2 . This is in reasonable agreement with the value of F s =25 J / cm 2 observed in Ref. 4 for a similar QD-based structure. Also in Ref. 4 , no TPA-driven carrier generation in the QDs was observed at resonant QD GS excitation with pumping fluences up to 1 mJ/ cm 2 , which agrees well with our observations.
In order to observe the carrier capture dynamics, the carriers were excited directly into the barrier states of the conduction band with 800 nm excitation. In Fig. 3͑a͒ , the corresponding time dependencies of ⌬ ᮀ,THz are shown for the pump fluences in the range 0.04-1.18 J / cm 2 . A nearinstantaneous rise in photoinduced conductivity is observed, followed by a fast decay and by a very long-lived contribution. It is reasonable to attribute the fast decay to capture of the carriers into the QDs, 8, 10, 11 as supported by the slower initial conductivity decay dynamics observed in a bulk GaAs sample ͓dashed line in Fig. 3͑a͔͒ . A very long-lived contribution, persistent even after an experimental cycle of 1 ms in case of the strongest excitation, is most likely due to spatially separated electrons and holes via ⌫-X transfer 17 in the type-II Al 0.9 Ga 0.1 As/ GaAs SESAM Bragg reflector, which was accessible to the pump light at this wavelength. This very longlived contribution leads to a small nonzero background in measured photoconductivities at time delays t Ͻ 0. In the QD SESAM data shown in Fig. 3͑a͒ , this background has been subtracted. A small kink in the 800 nm traces at around 22 ps is an experimental artifact arising from a double reflection in a 2-mm-thick pump beam attenuator during the measurements. The initial rise of ⌬ ᮀ,THz shows linear dependency on excitation fluence ͑not shown here͒, as expected for a one-photon excitation process.
In order to estimate the carrier capture time, we have measured the time it takes for the photoinduced conductivity to decay by 10% in respect to its maximum. A 10% benchmark was chosen because the maximum value of fast decay in our data only reaches 20% due to the presence of the long-lived component. This 10% time constant demonstrates near-linear growth from 1.2 to 5.7 ps with increase in pump fluence, as shown in Fig. 3͑b͒ . We attribute this growth in carrier capture time constant to filling of the QD ͑trap͒ states at stronger excitation, which is in accordance with the observations made in Refs. 10, 11, 15, and 18. We note here that our observations are in contrast with the speeding up of carrier capture with increase in pump fluence, mentioned in Refs. 7 and 8. In Ref.
7, the population dynamics of only the GS of the QD was observed. However, one may speculate that the suggested trapping mechanism-electron-electron scattering-may also provide for the scattering of the carriers from higher-lying QD states back into the CS, thus slowing down the decay dynamics of the conductivity ͑which was not monitored in that experiment͒. The reason for the disagreement between our observations and those in Ref. 8 is not clear at this point. In conclusion, we were able to demonstrate the difference in sample conductivity dynamics depending on whether the QD GS or the barrier states are optically excited ͓see inset of Fig. 3͑b͔͒ . The observed dynamics can be explained by the dominating carrier release or carrier capture processes, respectively. The e1h1-WL energy gap was measured to be 252 meV in a similar structure, shared approximately in 60/40 proportion between the electron and hole states. 7 This largely exceeds k B T = 26 meV at room-temperature for both electron and hole GS-CS transitions. However, the large difference in densities of states between the QD GS and CS should increase the probability of GS-CS carrier release. Our further investigations will be focused on temperature-and carrier density-dependent measurements that would allow us to better understand the ultrafast carrier dynamics in QDs. 
